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ABSTRACT

Electromagnetic characterization of CNT films fabricated by thermal decomposition
of SiC has been performed. Purification and/or uncapping treatment conditions at an
elevated temperature of 400°C under flowing oxygen or carbon dioxide have been
studied. A near field microwave microscope was used to measure the real and imaginary
parts of the complex permittivity of CNT films through the frequency shift and the

change in reciprocal quality factor between two extreme positions of an evanescent



microwave probe-tip (in contact with the sample, and away from interaction with it). A
theoretical two-point model was proposed to confirm experimental data, which showed
poor conductivity of the CNT film as grown but has slight improvement after 40 min

treatment.

Key words: evanescent microwave microscopy, permittivity, quality factor, purification

and uncapping of carbon nanotubes

INTRODUCTION

Carbon nanotubes (CNTSs) have attracted a lot of attention since their discovery in
1991 by lijima [1]. They are used in a variety of applications from nanoelectronics
through microwave amplification to sensors. Assemblies of nanotubes in the form of
films or carpets can be used as flat panel displays or lighting elements (e.g., the
brightness of CNT arrays is higher by a factor of two than conventional thermionic
lighting elements for giant outdoor displays). CNTs grown by arc-discharge, laser
ablation and chemical vapor deposition (CVD) can appear in a large variety of forms [2]-
[4]. Single-walled nanotubes (SWNTSs) have a mean diameter of one nanometer, lengths
that can reach several microns, and end in a spherical cap. The lengths of multi-walled
nanotubes (MWNTSs) are usually well over 10 um with diameters up to 70 nm [5]-[18],
and they show tips with a polyhedral shape. Finally, nanotubes produced by catalytic
reactions often show partially ordered layers containing extended structural defects. The
relatively small diameter of CNTSs is very favorable for field emitters, devices based on
the process by which a substance emits electrons when an electric field or voltage is
applied to it. The electric field has to be very high, in the order of 10" V/cm. To reach
this value, the field amplification effect is very helpful: namely, the electric field lines are
concentrated more densely around a sharp object (e.g., the tip of the CNTs). Nanotubes
ensure very high field amplification because of their elongated shape. The maximum
current drawn from one single-walled nanotube is ~ 0.2 mA and from multi-walled
nanotube ~ 0.1 mA. It appears that open tubes are far less efficient emitters than closed

ones: the voltage needed for emission is typically a factor of two higher for open
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nanotubes. This is a surprising result since the smaller effective curvature of the open
nanotubes was expected to lead to larger field amplification. However, it is now thought
that oxygen atoms attract themselves to the free dangling bond at the ends of the
nanotube, resulting in localized electron states. Since these states lie well below the
Fermi energy in the nanotube, they cannot emit electrons. Localized states are formed
also at the tips of closed nanotubes but these states are coupled to w-orbitals, effectively
enhancing the emission of electrons [13]. Useful parameters for a comparison of the field
emission performances of the different types of nanotube are the turn-on field (ranging
from 0.4 V/pum to 7.5 V/um) and the threshold field (from 0.9 VV/um up), i.e., the electric
fields needed to produce current densities of 10 pA/cm? and 10 mA/cm?, respectively [9]-
[13].

For multi-stage carbon nanotube emitters grown on porous silicon by the CVD
method (the average length and diameter of the SWNTs and thin MWNTSs were ~ 10 um
—15 pm and ~ 2 nm - 10 nm, respectively) the turn-on field and current at a field of
1 V/um were ~ 0.4 V/um, 0.6 V/um and ~ 450 A, 14 pA, respectively [15].

Liu et al. [17] reported field emission measurements on CNTs grown on silicon
nanowire arrays by the CVD method, with turn-on field and threshold field respectively
equal to 2.3 V/um and 3.2 V/um. The voltages needed for a given emission current are
typically a factor of two higher for open tubes: the voltage increased from 190 V to
400 V, and from 320 V to 570 V, for 10 nA and 10 A emission, respectively.

There is a significant difference in the field emission characteristics between single-
walled, closed and open arc-discharge multi-walled, and catalytically grown multi-walled
nanotubes. To obtain low operating voltages as well as long emitter lifetimes, the
nanotubes should be multi-walled and have closed, well graphitized tips. The optimal
emitters are thus closed arc-grown MWNTSs. SWNTs degrade substantially faster, as do
MWNTs with disordered structures, in addition to requiring high voltages for emission.
Finally, the emission performance of MWNT nanotubes is seriously degraded by opening

their ends.

Nanotube films (carpets) display the lowest emission voltage for closed MWNT
films, followed by closed SWNTs, opened MWNTSs and SWNTs. A much more



homogeneous emission image is obtained for a medium-density nanotube film primarily
due to the large number of emitting sites involved and above all the smaller screening
effects. One of the factors for efficient field emission is the distance between CNTSs,
which should be greater than their height to minimize the electric field screening effect
[18]. Taking into account the appropriate lengths of the tubes and the distances between
neighboring emitters, sufficient field amplification can be reached in these films. To
obtain low operating voltages as well as long emitter lifetimes, the CNT films should be

multi-walled and have closed, well-ordered tips.

The field emission behavior of carbon nanotubes cannot be understood solely by
assuming emission from metallic tips. The luminescence and measurements of the energy
distribution of the emitted electrons indicate that the electrons are emitted from states in a
narrow band of ~ 0.3 eV half-width. In fact, theoretical calculations show that the local
density of states at the tip presents sharp localized states that are correlated to the
presence of pentagonal defects [13]. The observed luminescence strongly suggests that
although the greatest part of the emitted current comes from occupied states with a large
density of states near the Fermi level, other, deeper levels also contribute to the field
emission. The position of the tip states with respect to the Fermi level influences directly
the field emission properties of the tube. Indeed, only tubes with a band state just under
or over the Fermi level are good candidates for field emission.

This partially non-metallic character of the emission suggests that, at and above
room temperature, the body of a carbon nanotube behaves essentially as a graphitic
cylinder. This means that the carrier density at the Fermi level is very low, on the order of
5.10" cm™, which is three orders of magnitude lower than for a metal. Simulations show
that the local density of states at the tip reaches values at least 30 times higher than in the
cylindrical part of the tube. Since the field emission depends directly on this carrier
density, the field emission current would be far lower without these localized states for a
geometrically identical tip. The superiority of closed MWNTSs over the other types is in
this respect an additional indication, since the position and intensity of the localized states
are strongly influenced by the crystalline structure. A disordered or, worse, missing tip
would consequently lead to inferior performance as was observed for open and
catalytically-grown MWNTSs [14]. Well-aligned and randomly grown MWNTSs
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fabricated by the radio-field-induced self-bias hot-filament on silicon and Ni-Fe alloys by
the CVD method were used for field emission applications by Chen et al. [16]. It was
suggested in [16] that the dominant contribution to the field emission comes from
amorphous carbon at the sharp tip of the CNTs, which have a high aspect ratio, and was
attributed to thermal electrons escaping over the Schottky barrier at the interface between
the metallic carbon MWNTSs and the semiconducting amorphous carbon caps and
tunneling into the vacuum. A large hysteresis between the rising and falling I -V sweeps
has been observed by Liu et al. [17], indicating the influence that absorbates on CNT tips
can have on field emission: when absorbates are removed the emission currents are lower

during the downwards voltage ramp.

The reactivity of CNTs makes them attractive host materials for storage of neutral
species and electron donors. There is a fine line between emission application of carbon
nanotubes, which requires carbon nanotubes to be purifed and capped, and storage
application, where nanotubes should be purified and uncapped. It appears that both
(purification and uncapping) can be done at the same time by annealing. The simplest
method to open the nanotubes is by oxidative treatment. It is well known that graphite
oxidizes primarily at defects of the hexagonal lattice to create etch pits. When such
defect sites are present in the wall of nanotubes, they become centers of preferential
etching. However, nanotubes have additional structural features such as high curvature,
helicity and contain five or seven-membered rings which modify the initiation and
propagation of oxidation. Ajayan et al. [22] etched away carbon nanotube caps by
oxidizing them in air for short durations: above 700°C samples showed a substantial
weight loss and they entirely disappeared when heated for 15 minutes at 850°C. Tsang et
al. [23] reported that heating multi-walled carbon nanotubes in carbon dioxide gas
resulted in the partial or complete destruction of the tube caps and/or stripping of the
outer layers to produce thinner tubes. The material was heated under a flow of 20 ml/min
carbon dioxide gas at 850°C for 5 h. These open tubes were regarded as nanoscale test-
tubes for adsorption of other molecules. The selective reaction of the gas with the curved
part of a cap reflects greater reactivity, which may be due to greater strain and the

presence of pentagonal rings.



In order to remove amorphous carbon catalyst-free material can either be oxidized or
reduced [24]. Reduction is usually performed in a hydrogen atmosphere above 700°C:
oxidation can be performed either in the gas or the liquid phase. Gas phase oxidation is
performed at 500°C in air and a 4 h treatment can achieve purity higher than 95 %:
oxygen or ozone can also be used. When purification is carried out in solution, the use of
an acidic (0.5 M sulfuric acid) KMnO4 solution (0.3 M) is recommended. After one hour
reaction at 80°C, carbon nanotubes of 95 % purity can be obtained. In some instances
these treatments lead to uncapping of nanotubes. Geng et al. [25] have shown that the
surfaces of SWNT bundles synthesized by laser ablation after vacuum annealing at 400°C
for 10 h have much less amorphous carbon. A process for purifying carbon impurities
and uncapping carbon nanotubes in the temperature range between about 120°C to about
180°C with a reagent selected from the group consisting of liquid phase oxidation agents,

liquid phase nitration agents and liquid phase sulfonation agents was published in [26].

In all the fabrication techniques mentioned above magnetic nanoparticles were used
as catalysts and they had to be removed at the end of the process. The purification
techniques involved in the removal of magnetic impurities are usually tedious, expensive
and cause degradation of the CNTSs. In 1999, Kusunoki et al. [19]-[20] discovered a new
and catalyst-free method for the growth of CNTSs: surface decomposition of silicon
carbide (SiC). This thermal decomposition of a SiC surface (either a carbon or a silicon
face) under vacuum from 10 Torr to 107 Torr and at temperatures ranging from 1400 °C
to 1700 °C yields a thin film of metal-free carbon nanotubes [21]. The resulting array or
film of well-aligned CNTs allows for more accurate determination of their
electromagnetic properties, especially their local and reduced complex permittivity (g1 —

iSz).

Localized measurements at microwave frequencies (~ 1 GHz) are primarily
motivated by the need for the characterization and quality assurance of materials. To
reveal spatially-resolved dielectric properties and microstructural effects in materials, a
scanning evanescent microwave microscope has been used (for a detailed description of
the apparatus, see our previous publications [26]-[27]). In performing quantitative
measurements of electromagnetic properties, the detailed electrostatic field configuration
outside the tip is required. The probe tip and sample must be considered as a whole, and
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the solution of the electrostatic field equations at real boundary conditions and practical
limits must be adhered to in obtaining the perturbed field distributions. This will generate
a methodology that explicitly relates the tip-sample distance to the relative resonant
frequency shift of the resonator Af/f, the change of the reciprocal quality factor A(1/Q)

and physical material properties for a given probe geometry.

The main objective of our paper is to study purification (mainly the removal of
amorphous carbon) and/or uncapping of CNT films synthesized by catalyst-free surface
decomposition of silicon carbide, and to measure their local surface permittivity using the
evanescent microwave microscope. Using our theoretical two-point model [29],
obtaining the local permittivity requires measurements of only two extreme values of the
frequency and quality factor: one pair, foand Qo, when the tip is well separated from the
sample (not interacting with the film) and another pair, f and Q, when the tip touches the
film surface. Our model relates the changes Af/f and A(1/Q) between these two positions
to the real and imaginary parts &; and ¢, of the relative dielectric constant. We will
evaluate the relative complex permittivity of carbon nanotube films formed by SiC
thermal decomposition subjected to oxidative treatment in an oxygen or carbon dioxide
atmosphere at 400°C. Additionally, Q-factor mapping over the CNTSs surface will
provide important information about changes in the conductive properties of the films
subjected to the oxidative treatment.

EXPERIMENTAL

Commercial grade 6H and 4H silicon carbide (n-type, 8° off-axis wafers, Cree
Inc.) were used to grow carbon nanotube films. They were cleaned by the standard RCA
cleaning process [21]. These clean silicon carbide substrates were then placed in a
graphite resistance furnace (Oxy-Gon Industries, Inc., Epsom, NH) at a temperature
between 1400°C and 1700°C for 0.5 h - 12 h with a moderate vacuum pressure between
10 Torr and 10®° Torr produced by a turbomolecular pump [21]. The furnace was
double-walled and electropolished for high vacuum quality, and incorporated ports for

visual observation, thermocouples and gas inflow. The samples were prepared at
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1700°C and under a pressure of 10 Torr are shown in Tab.l.

A typical continuous film of vertically aligned carbon nanotubes with a thickness
of 250 nm was obtained for the carbon-faced sample heated for 1 h at 1700°C. The
CNTs were both single- and multi-walled (SWNTs and MWNTs). The nanotube
diameter decreases with height and is wider at the interface between the SiC substrate and
the CNT film. Amorphous carbon and a small amount of oxygen were also detected in
the CNT films by X-ray photoelectron spectroscopy (XPS) [28]. The amorphous carbon
is the residual carbon left on the surface of the carbon nanotubes after the sublimation of
silicon from the surface of silicon carbide. As measured by Energy Despersive X-ray
Spectroscopy (EDS) on the transmission electron microscopy (TEM) samples, the
resulting CNT films contained less than 1% by weight of silicon. The CNTs formed from
the crystalline substrate were well-aligned and straight as shown in Fig.1. This typical
cross-section transmission electron micrograph was obtained by using a Philips CM-200
field emission gun (FEG) TEM operated at 200 kV. Fig.2 shows a typical topographical
AFM image of the CNT film obtained by using the tapping mode (Veeco multimode V
AFM/SPM).

The length of the CNTs increased almost linearly with growth time at 1700°C,
reaching approximately 300 nm on the silicon face and 500 nm on the carbon face for a
6 h growth time [21]. The rate of formation of CNTs on the carbon face of the silicon
carbide substrate is 1.7 times that on the silicon face. This difference in formation rates
could be explained by differences in surface preparation and/or the presence of a thin

oxide layer on the silicon-terminated face.



Pt PROTECTIVE CAP

SiC

Fig.1. A typical very dense film of aligned CNTs attached to the SiC substrate
(Si-face, 3 h).

Fig.2. A typical topographical AFM image of the CNT film (Si-face, 3 h).



TAB.I. LIST OF CNT FILMS FABRICATED BY THE SURFACE
DECOMPOSITION METHOD.

CNT FILMS GROWTH TIME (h) | QUANTITY
C-face 1 3
Si-face 1 3
C-face 3 2
Si-face 3 4
C-face 6 3
Si-face 6 2

The post-growth treatment of the CNT films was carried out by placing the
sample in a box furnace at 400°C under flowing oxygen or carbon dioxide. We also
verified that a higher temperature could be used to obtain the same results in a shorter
time. A type 30400 box furnace with a programmable Thermolyne temperature
controller with four electric resistive heaters embedded in ceramic fiber refractory
insulation was used for the post-growth treatment. The temperature was ramped to
400°C within 1 hour in the initial pre-heating stage of our experiment. The temperature
in the box furnace was measured using a K-type thermocouple and an additional
thermocouple near the sample holder was used to monitor the sample temperature. The
measured furnace and sample temperatures were in good agreement (within £ 5°C). A
gas deflector was also used to ensure that the gas would be directed towards the sample.
The sample was inserted into the furnace when the temperature was 400°C + 5°C,
typically falling to 380°C when the door of the furnace was opened and recovering within
3 minutes. The samples were kept in the furnace for 25 min, 40 min or 60 min under
flowing oxygen or carbon dioxide at this temperature, after which the door was slightly
opened and the CNTs were allowed to cool slowly under oxygen or carbon dioxide. The

samples were removed after 1 hour from the furnace when the temperatures on both
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meters were 100°C and Tab.Il shows the list of the samples which we were chosen for

the demonstration of the purification/uncapping procedure.

TAB.Il. POST-GROWTH TREATMENT OF CNT FILMS.

CNT FILM DWELLING TIME OXIDATIVE

(min)
at 400°C TREATMENT

25
Si-face (3 h) 40 O,

60

25

Si-face (6 h) 40 CO,

60

STRUCTURAL AND CHEMICAL CHARACTERIZATION

After each step of the purification/uncapping procedure, before and after the
annealing process, our samples were subjected to structural, chemical and physical
analyses. SEM, TEM, AFM, XRD, EDS and evanescent microwave measurements were
carried out for the samples listed in Tab.Il.

A Transmission Electron Microscope/Electron Diffraction Spectroscopy
(TEM/EDS) system was used to determine the percentage composition of silicon and
carbon in the SiC wafer before and after growth of the CNT to compare the change in the

composition of the sample. Fig.3 shows the EDS spectrum.
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Fig.3. EDS spectrum of the SiC wafer before and after the growth of the CNT.

The quantitative percentage composition of the wafer before and after the growth of the
CNT is shown in Tab.llII.

TAB.111. COMPOSITION OF UNTREATED SiC SAMPLE (a) AND
AFTER GROWTH OF CNT FILM (b).

The data show that the untreated silicon carbide sample has 63.08 % of silicon
and 36.92 % of carbon by weight. After growth of CNTSs, the weight of silicon decreased
to 0.17 % and the carbon increased to 99.83 %, indicating that most of the SiC
decomposes to form CNT. SEM analysis showed the presence of white areas on the
surface of the silicon face before the annealing treatment. The white spots in the image

12



are due to amorphous carbon, which is formed on the sample surface during the

annealing temperature ramp up and cool down in the presence of oxygen.

| o n. W
ﬁ”ii by MR

.. ™ "I"J,__'
. i

Fig.4. Typical AFM images of surface potential for Si-face (3 h) CNT film (a) as grown
and after (b) 25 min, (c) 40 min and (d) 60 min annealing treatment in oxygen at 400°C.

Typical AFM surface potential micrographs are presented in Fig.4 for Si-face (3

h) CNT films as grown (a) and with purification/uncapping annealing treatment at 400°C
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after 25 min (b), 40 min (c) and 60 min (d) dwelling time. A near field evanescent
microwave microscopy sensor was used to characterize the CNT films through frequency
shift measurements. The relative sensitivity of the microscope is in the range of 107 and
the resolution is governed by the radius of the probe-tip [26]. The microwave probe
consists of a tuned A/4 coaxial transmission line with an end wall aperture. A transverse
electromagnetic wave created by a frequency generator moves along the coaxial probe
and is totally internally reflected at the surface of the end wall aperture. The evanescent
waves emanate from a sharpened tip extending concentrically through the aperture and
interact with the sample. The coaxial microwave probe is capacitively coupled to the
sample, and to a network analyzer through a tuning network.
The probe can be operated in two different modes:

(1) Local complex permittivity determination by measuring the quality factor and
resonant frequency shift as the tip approaches the sample. The resonant frequency data
are produced by setting the reference resonant frequency at approximately 10 um above
the sample surface and moving the probe tip in micrometer steps to a distance of 1 um
from the surface. The resonant frequency shift data is best fitted by a method of images
model that produces the real and complex part of permittivity [26].

(2) X-Y scanning of material properties, with a constant separation between tip and
sample. Changes in the probe's resonant frequency, quality factor and reflection
coefficient are tracked by a Hewlett-Packard 8722ES network analyzer as the probe is
moved relative to the sample using an X-Y stage driven by optically encoded, dc and
linear actuators. The probe is frame mounted to a Z-axis linear actuator assembly and the

probe-sample separation can be set precisely.

The X-Y stage actuators, network analyzer and the data acquisition are computer
controlled with National Instruments Labview® software. The complete evanescent

microwave scanning system is mounted on a vibration-damping table.

Typical experimental data for the resonant frequency and the quality factor as a
function of the tip-sample separation are plotted in Figs.5 and 6 respectively, fora CNT

film (Si-face) grown for 3 h.
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Fig.5. Experimental data points and theoretical fitting curves of relative resonant
frequency change as a function of distance for Si-face (3 h) CNT film as grown (a) and
after 40 min (b) and 60 min (c) annealing treatment in oxygen at 400°C.
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Fig.6. Experimental data points and theoretical fitting curves of reciprocal change of
quality factor as a function of distance for Si-face (3 h) CNT film as grown (a) and after
40 min (b) and 60 min (c) annealing time in oxygen at 400°C.

The surface conductivities of CNT films (Si-face) grown for 3 h and 6 h were
mapped over an area of 100 um x 100 um before and after the annealing treatments of 25
min, 40 min and 60 min in O, and CO; flowing gas, and they are shown in Figs.7 and 8

respectively.
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Fig.7. Variation of quality factor over surface area of 100 um x 100 um for Si-face (3 h)

CNT film as grown (a) and after 40 min (b) and 60 min (c) annealing time in oxygen at

400°C.
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Fig.8. Variation of quality factor over surface area of 100 um x 100 um for Si-face (6 h)
CNT film as grown (a) and after 25 min (a), 40 min (c) and 60 min (d) annealing time in
carbon dioxide at 400°C.

THEORETICAL BACKGROUND

The extraction of data through evanescent microwave microscopy requires
detailed knowledge of the field configuration outside the probe-tip region. The resonator
tip is represented as a charged conducting sphere with a given potential: when placed in
close proximity to a sample, the material is polarized by the electric field. The dielectric
response to the tip causes a redistribution of charge on the tip in order to maintain the
equipotential surface of the sphere, and also results in a shift in the frequency of the

resonator. Applying the method of images, the field distribution requires a series of three
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image charges in an iterative process to meet the boundary conditions at the probe tip and
the dielectric sample surface (see details in [29]).

The theory applied for the microwave resonator deals only with the field distributed
outside the tip including a sample space. The fundamental assumption of the theory is
that the presence of the material introduces a perturbation to the existing electromagnetic
field distribution. The changes in resonant frequency and reciprocal quality factor are
described by Egs.(1)-(3) [30]-[31]:

[ (A€E; o E +AuH; o H)dV
AL (1
_2__.A[_j:v _ W
f Q) [(eE;oE+pH;oH)dV
Af_(f-1,)
Ty (2)
1) 1 1
Al === — 3
(Qj Q Q ®

where E, and H, are the unperturbed electric and magnetic fields, E and H are the

perturbed fields, V is the volume of a region outside the resonator tip, f and Q are the
perturbed resonant frequency and quality factor and fo and Qo are the reference (or
unperturbed) resonant frequency and quality factor, respectively.

The right hand side of Eq.(1) is a complex number dependent on the local complex
permittivity, describing dielectric and conductive properties of the materials. Although
this can be solved for the general case, let us restrict our discussion to the case when the
tip touches the sample (g is the distance between a tip and a sample).

(4)

Af_f(g=0)-f, =£Re[1+ln(1—b)} |
flg=0) f(g=0) 2 b
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A(lj: L —izlm[l+w] (5)
Q) Q=0 Q, b

These two Egs.(4) and (5) may be rearranged into more appropriate forms assuming
that we know experimentally f, and Qo:

f
flg=0)= Ta ©)
{1+1Re(b+b+...ﬂ
2 2 3
Qlg=0)- Q @)
{1—Qolm(b+b+...ﬂ
2 3
and
g, —1—ig g" o g
b="t——"2¢,="(=—),g,=—. (8)
g +1-1g, g OF, €

By using Eq.(8), the approximate expression for the perturbed resonant frequency

and quality factor at g = 0 have the forms given in Eqs.(9) and (10), respectively:

: ©)

fO
L xIny/(1-x)* + y? — yarctan y

11 (1-x)
2 2(x* +y?)
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Q(g=0)= % : (10)

xarctan 1y +yIny(1-x)% +y?

(1-x)
1
+Qq X2 +y?
where
a 2¢,
X=—,y=—%, (11)
B p

a=¢g +e, —-1,p=(g,+1)°+¢, .

RESULTS AND DISCUSSION

When the resonator tip approaches the surface of the sample, the resonant frequency
f and quality factor Q will change. In measuring the frequency shift and the quality
factor, the reference resonant frequency fo and corresponding Qo are set at a significant
distance above the sample (theoretically at infinity). This distance between the probe tip
and the sample should be sufficient to make sure that evanescent field from the tip is not
interacting with the sample. Typical experimental data for the resonant frequency and
quality factor were collected (Si-face, 3 h) for a sample-tip distance (g) between 1 um
and 10 um (see Figs. 5 and 6). However, the resonant frequency f and the Q-factor cannot
be measured when the tip touches the sample since it will damage the tip. In order to use
Eq.(9) and Eq.(10) for calculation of real and imaginary parts of permittivity we need the
value for f and Q at g = 0. The approach which has been used here to find these values is
to approximate existing experimental data by exponential functions, allowing us to find
reference values for fo and Qo and their respective values at g = 0. It appears that the
empirical exponential forms in Eqgs.(12) and (13) perfectly match the experimental data
(Figs.5 and 6):

f =(-5.753-10"° - e*%"® +1.1369)GHz = f(g) , (12)
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1/Q=1.470-10" - % 1+ 2.269-10° =1/Q(g) , (13)

giving the values for f and Q in Eq.(14):

f, =1.1369 GHz,1/Q, = 2.269-10°, f(y = 0) =1.1368 GHz, (14)
1/Q(g = 0) =3.739-10".

The changes in resonant frequency and quality factor between these two extreme

positions therefore amount to:

A f(g=0)-f,

= ~5.061-10°°,
fg=0) f(g=0)

(15)
A(lJ ot 1. 1.470-10°.
Q) Q@@=0) Q,
Egs.(16) and (17) can be obtained from Eqgs.(9) and (10):
"2 L2 y
Z(Af) L xIn,/(1-x)* +y* — yarctan 1-%) .
A-f(g=0) (x* +Yy?) ’
y N2 2
(1%( 1 j ) xarctan 1% +yIny(1-%x)*+y
~ ~ | 2 2 ! (17)
B Q X +y

Substituting the values from Eq.(15), and the values B = 4.12-10°and A =1.738-10™
determined experimentally [26], we can solve Egs.(16) and (17) with respect to x and y.
By using Eq.(11) we finally arrive at the effective values of complex permittivity listed in
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Tab.lV for the CNT film (Si-face, 3 h) at ~1 GHz subjected to annealing in oxygen at
400°C for 40 min and 60 min. These values of ¢; and &, have been calculated from

TAB.IV. REAL (g1) AND IMAGINARY (&) VALUE OF COMPLEX
PERMITTIVITY FOR CNT FILM (Si-FACE, 3 h) AS GROWN AND
AFTER 40 MIN AND 60 MIN OXYGEN TREATMENT AT 400°C.

ANNEALING _
TIME A(1/_c53) Af/f(gS_O) ‘. :
(min) (107) | (107)

0 147 | -506 |383| 285
40 245 | 525 | 294 | 4.67
60 159 | -9.22 [18.05| 9.52

Egs.(16) and (17) by using the experimental values for A(1/Q) and Af/f(g=0) listed in
Tab.IV.

This process described by Eqgs.(12)-(17) is repeated for two other carbon nanotube
samples grown for 3 h on Si-face and treated in the flowing oxygen for 40 min and 60
min. Tab.lV summarizes experimental data and theoretical results for ¢; and ¢, [32]-
[33].

The experimentally determined frequency shift is the largest for the CNT film
treated for 60 min in flowing oxygen. The reciprocal Q-factor change appears to have a
maximum for the film subjected to annealing for 40 min: this quantity is related to local
conductivity of the CNT film.
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We have mapped several locations over an area of 100 um x 100 um by measuring
the quality factor for each CNT film (see Fig.7). The mean Q-factor for each case was

calculated and the values are summarized in Tab.V.

TAB.V. MEAN Q-FACTOR FOR AS GROWN AND TREATED Si-
FACE (3 h) CNT FILMS IN FLOWING OXYGEN.

MEAN Q-FACTOR

CNT FILMS (Si-FACE, 3 h) 4 :
(x 10" arb.units)

AS GROWN 5.86
40 min 8.31
60 min 4.82

Fig.8 shows Q-factor mapping over several locations of an area 100 pm x 100 um
on a Si-face (6 h) CNT film as grown and after 25 min, 40 min and 60 min of annealing
under carbon dioxide flowing gas. The mean Q-factor for each case was calculated and

the values are summarized in Tab.VI.

TAB.VI. MEAN Q-FACTOR FOR AS GROWN AND TREATED Si-
FACE (6 h) CNT FILMS IN FLOWING CARBON DIOXIDE.

MEAN Q-FACTOR

CNT FILMS (Si-FACE, 6 h) 4 :
(x 10" arb.units)

AS GROWN 2.92
25 min 4.37
40 min 5.71
60 min 4.33
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From the conductivity maps and the data recorded in the Tabs.V-VI, it is clear that
the overall surface conductivity of the sample reaches a maximum after 40 minutes of
annealing independent of the type of gas used. The mean conductivity increases 34.2%
after 25 min and 41.8 % after 40 min of annealing for the CNT film (Si-face, 3 h). This
is due to the annealing treatment which removes the amorphous carbon layer and
adsorbed molecules from the surface of carbon nanotubes. However, after 60 min of
annealing, there is a 41.9 % decrease in the conductivity. This is because, after 60 min
carbon nanotubes are already uncapped (see Fig.4) and due to oxidation of the tube tips
they start to be more dielectric, which lowers the overall conductivity of the CNT film.
The same behavior was observed in other CNT films including these treated in flowing
carbon dioxide. The percentage of change was slightly higher in the film treated with

carbon dioxide.

CONCLUSION

The surface conductivity plots show that the conductivity of the CNT films
improved after 25 min and reached a maximum after 40 min of annealing. This is
because the annealing treatment removes the amorphous carbon and the adsorbed
molecules from the surface of the CNT film. These results have been confirmed by the
AFM analysis (see Fig.4). The clean CNT films have a higher conductivity which
explains the increase in the Q-factor after the annealing treatment. However, after 60
min, the conductivity decreases as the carbon nanotubes appear to be opened and these
oxidized and open tips result in the lower conductivity of the CNT film. The shift of the
reciprocal Q-factor between g = 0 and infinity is in agreement with the experimental data
i.e., the shift in the reciprocal of the quality factor is greater for the most conductive CNT

film.

In summary, it is important to stress that CNT films fabricated by thermal
decomposition of SiC did not show significant percolative behavior based on evanescent
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microwave measurements or spectroscopic ellipsometry [29,32]. This could be due to the
presence of amorphous carbon in the system, occupying space between carbon nanotubes
and on the surface of the CNT films and/or due to a majority of single- or multi-walled
carbon nanotubes being semiconducting. The treatment of CNT films in oxygen or in
carbon dioxide in 40 min time removes amorphous carbon at least from the film surface
causing an increase in surface conductivity. If the oxidation time is longer then 40 min
apparently the presence of open tips of nanotubes results in a decrease of the CNT film
surface conductivity. This maximum in the quality factor due to mapping (Tabs.IV-V) or
the maximum in the total change in the reciprocal of the quality factor (Fig.6) can be an
indicator of the beginning of the uncapping process of the carbon nanotubes. Depending
on the storage (uncapped CNTS) or emission (capped CNTSs) application we can use this
maximum as a divider between these two applications assuming that the film is already
purified from amorphous carbon. The two-point theoretical model [29] has established
very simple relationships between the complex permittivity and both the relative resonant
frequency shift of the resonator Af/f(g = 0) and the reciprocal change of quality factor
A(1/Q) which have been experimentally measured. The values of the real and imaginary
parts of the complex permittivity in CNT films are amongst the other important results

coming from the model.
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